Abstract. Proteins that share a similar function often exhibit conserved sequence patterns. Sequence patterns help to classify proteins into families where the exact function may or may not be known. Research has shown that these domain signatures often exhibit specific three-dimensional structures. We have previously shown that sequence patterns combined with structural information, in general, have superior discrimination ability than those derived without structural information. However in some cases, divergent backbone configurations and/or variable secondary structure in otherwise well-aligned proteins make identification of conserved regions of sequence and structure problematic. In this paper, we describe improvements in our method of designing biologically meaningful sequence-structure patterns (SSPs) starting from a seed sequence pattern from any of the existing sequence pattern databases. Improved pattern precision is achieved by including conserved residues from coil regions that are not readily apparent from examination of multiple sequence alignments alone. Pattern recall is improved by systematically comparing the structure of all known true family members and to include all the allowable variations in the pattern residues.
Introduction
Databases such as PROSITE [1] [2], eMOTIF [3] [4], PRINTS [5] , and SPAT [6] have been created as repositories for sequence patterns that describe and distinguish functional and structural domains in proteins. Kasuya et al. [7] systematically investigated the three-dimensional structures of protein fragments whose sequences contain a specific PROSITE pattern. They observed that in a large number of cases, the threedimensional conformations of the residues from the PROSITE pattern were nearly identical in all the true positives (i.e., proteins belonging to the family and containing the sequence pattern). The main drawback with the approach followed by existing databases to generate sequence patterns is that they base their computations on multiple sequence alignments, which are often inaccurate, especially when the sequences exhibit considerable diversity. We have previously described a method [8] which uses both sequence and structure information to construct patterns consisting of a sequence component (a "PROSITE-style" regular expression pattern) and a structure component (a structure template). In our method, sequence-structure patterns (SSPs) are generated by starting from "seed" sequence patterns from PROSITE, eMOTIF, PRINTS, or other sources, and improving them using a novel method that alternates between sequence and structure alignment of proteins, while using the knowledge of substitution groups [9] ; protein structures are obtained from the Protein Data Bank (PDB) [10] . We say that a protein has a sequence match with the SSP if it contains the sequence component of the SSP. The SSPs are evaluated with regard to their specificity (TP/(TP+FP)) and sensitivity (TP/(TP+FN)), where TP is the set of true positive sequence matches, while FP and FN are the sets of false positive and false negative sequence matches with respect to their membership in a SCOP (Structural Classification of Proteins) protein family. The SCOP database is a comprehensive classification of all proteins of known structure [11] . The basic classification unit in SCOP is the domain, a unit of the protein that is either observed isolated in nature or in more than one context in different multi-domain proteins. A related database is the ASTRAL Compendium, which provides sequences and structures for all domains filtered according to percentage sequence similarity [5] . The ASTRAL 40% database (version 1.65) contains a subset of proteins from the PDB database with less than 40% sequence identity to each other, and this database will be referred to as ASTRAL40 in this paper. We also refer to ASTRAL95 and ASTRAL100 (or full PDB) to refer to the corresponding databases with 95% and 100% sequence identity respectively. For our purposes, the ASTRAL40 database was used to generate SSPs for families that were well represented in the PDB and the ASTRAL95 database was used to generate SSPs for protein families with fewer PDB examples. In both cases, the ASTRAL100 database was used for testing. Fig. 1 gives a brief description of our algorithm for generating SSPs and is reproduced from our earlier work. It takes as input a "seed" PROSITE-style pattern along with a training set database (in our case, we use ASTRAL40 unless there are not enough structures in it, in which case we use ASTRAL95). It produces as output a SSP, which is a pair <P, T>, where P is a sequence pattern, and T is a structure template for the sequence pattern. As mentioned earlier, it also produces sequence and structure alignments of proteins with this SSP. We first identified the PROSITE patterns with the highest number of hits in the ASTRAL40 database. The algorithm was then experimentally tested on these protein families. In the case where an SSP for a SCOP family already had a corresponding PROSITE sequence pattern, the PROSITE pattern was improved about 90% of the time with respect to the SSP sequence pattern. This represents an average improvement of specificity of +27.3% and an average improvement of sensitivity of +16.2%. Although patterns generated by this method were shown to have higher precision and recall values than comparable patterns in PROSITE, problems were encountered when variations in protein backbone configuration among the true members of a protein family did not allow structurally conserved residues to be detected in the corresponding sequence alignment. In this paper, we describe methods for improving the SSP discovery method in cases where variability in the protein backbone and/or secondary structure obscures instances of residue conservation.
SSP Method Improvements

SSP ALGORITHM
Input: (a) A database of protein structures, and associated protein sequences, N, (b) A PROSITE-style sequence pattern , P. Output: (a) Sequence-structure pattern <P', T>, (b) Structure alignment S of proteins with pattern P', and (c) Sequence alignment Q of proteins with pattern P'. 1. Search for pattern P in database N to generate a list of candidate proteins C. 2. Pick a "cluster" L of proteins from C that belong to the same SCOP family. 3. Create a structure alignment S for L using the residues of pattern P. 4. Extract sequence alignment Q from structure alignment S. 5. Identify all positions in sequence alignment Q that have residues from a substitution group. 6. If stopping condition is not satisfied, then create a new structure alignment S for L using the positions identified in Step 6. Then go to Step 5. 7. Construct a PROSITE-style sequence-structure pattern P' and template T from the positions in Q.
8. Iterate the whole process if new candidates from database N are matched. 
Zinc Finger Example
The function of the C2H2 (SCOP family G.37. (Fig. 2b) . Only the fully conserved zinccoordinating cysteine and histidine residues are common to both patterns. In the PROSITE pattern, the first histidine is required to follow exactly 13 positions after the second cysteine. In the ASTRAL40, the C2H2 protein 1rmd (shown in Fig. 2c in alignment with 1a1i) has a gap between these two residues of eleven positions and 2gli (Fig. 2d ) has a gap of 15. In addition to the C2H2 residues of the PROSITE pattern, the zinc finger SSP output by the SSP algorithm (SSP91022) includes a partially aliphatic position two residues before the first cysteine and another partially aliphatic position three residues before the first histidine. The first of these locations is usually occupied by an aromatic residue (phenylalanine or tyrosine) 70% of the time. The exceptions of alanine, histidine, isoleucine, threonine, and valine appear to form a closed set as no other residues are observed at this position. The second of these locations is occupied by a long-chain aliphatic group consisting of [FILMRY] . Of these residues, leucine is found in 55% of the ASTRAL40 proteins at this position.
Valine is the only aliphatic residue not seen here and arginine is the only nonaliphatic residue found to be tolerated at this position. With the adjustment made for the gap length between the second cysteine and first histidine as described above, the SSP
of [AHITFVY]-x-C-x(2,5)-C-x(8,12)-[RIMFYL]-x(2)-H-x(3,5)
-H generated by the original method was found to match all 102 known C2H2 proteins in the ASTRAL100, SCOP family G.37.1.1, thus providing for 100% recall with respect to the ASTRAL100 database. However, due to this increased variable gap length, the precision of SSP91022 is 71.8% compared to the precision of 80.5% for PROSITE pattern PS00028. In order to increase the precision and recall of this SSP, additional positions need to be added to the pattern. Unfortunately, although there are additional conserved residues in the zinc finger domain, variations in the backbone and secondary structure does not allow all of the alpha carbon atoms of these residues to be structurally aligned. In Fig. 3a , the region between the arrows shows a backbone variation of the domain around the second cysteine residues. Although the sidechains of both cysteines are clearly aligned, the sequence alignment produced from this structure alignment does not have these two cysteines in the same position. In Fig. 3b , the arrows indicate two Phenylalanine residues that are separated by three positions in the sequence alignment, but nevertheless occupy the same position in the structure of the zinc finger domain. Recognition of these offset residues as legitimately conserved elements of the domain allows the creation of the new SSP (SSP95022) 
Cytochrome C Example
In the case of the cytochrome c family of proteins, the original SSP method identified a number of positions in the domain that showed a high degree of conservation in sequence and structure in addition to those in the short PROSITE pattern. However, the resulting SSP (SSP91008) did not match all known cytochrome c proteins in the ASTRAL100 (see Table 1 ) and, unlike in the zinc finger example above, the pattern region was bordered by a region of variable secondary structure. In particular, a long and variable length coil between the first and second alpha helices of the domain interposed itself between the pattern residues. In some cases this coil folded upon itself to form a beta strand. Since the backbone of this coil region did not display a high degree of conformation among the cytochrome c proteins in the multiple structural alignment, conserved residues in this region did not, in general, share the same positions in the corresponding multiple sequence alignment. However upon visual inspection of the van der Waals radii of the original SSP, a higher level of correspondence between sequence and structure became apparent. The sidechains of the SSP pattern residues formed a scaffold around the cytochrome C binding between the first and third alpha helices. For each cytochrome c structure, this scaffold formed a contiguous section of the domain tertiary structure with the exception of a "hole" adjoining the coil region (Fig. 4a-c) . By identifying the residues whose sidechains filled this space, a new SSP (SSP91001) was created ( Fig. 4d-f ). Like the original PROSITE pattern, the recall is complete with respect to the ASTRAL100. And like the original SSP, the precision of SSP91001 was significantly improved over the shorter PROSITE pattern (see Table 1 ). 
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Discussion and Conclusion
As we described previously, the addition of information on conserved residue types gained from multiple structure alignment greatly improves the accuracy of multiple sequence alignment and that new information derived from the improved sequence alignment can likewise improve structure alignment such that both sequence and structure alignments can be improved simultaneously in an iterated manner. Although the precision and recall of sequence patterns derived from the SSP method are usually quite good for protein domains with a well-ordered secondary structure, pattern discovery is more challenging for proteins with variable loop regions where residue type may be well conserved, but nevertheless the "position" of the residue is not well defined. In some cases we have discovered ways to extract this "hidden regularity", as we describe in the examples above. The key concept is determining when a residue type within a structure is playing the same role in all members of the protein family. Typically the protein backbone will be offset among proteins in the structure alignment, however the residue sidechain at the offset position will be rotated such that all family members have a residue of that type in the same location in the structure. Occasionally a conserved residue type will exist at one of several nearby positions in the alignment where the sidechain will also demonstrate this form of "structural compensation". Using the methods we described above, the identification of these variable positions and incorporating the residue types in the protein family signatures can greatly increase their performance.
